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mtroduction

Current mterest in replacements for r—ralon 1301 (CFadr) has opened once agam the
rssue of the physico-chemical basis for fire suppression. This paper is rntended to provide
mformatlon necessary for understanding the quantitative aspect of the chemistry of the

- process and to suggest how such knowiedge may further understanding of the
phenomena. The direct aim is to set the stage for the extensive simulations that will be
carried out in the near future.” With current and developing knowledge on the fundamental .
chemical kinetic processes many of the uncertainties on this issue can be considerably
'reduced The consequence is that some of the older questions may be settled, and the
power of empirical tests enhanced. This.can lead to an improved capability for the ‘
“selection of an appropriate substitute not only for ozone depletion but also in the context
f.global warming or a particular combustion threat. This is the rationale and promise.of
more fundamentally based approach implicit in chemical kinetic simulations. Specifically,
envrronmental concerns have added extra dimensions to the traditional chemrcal
optimization problem. Testing reguirements are vastly increased. In the present case, a
- solution to the ozone depletion problem may well be deletrious from the point of view of
global warming. At the same time greater understanding also offers the possibility of a -
, more appropnate match of solution to threat.

Thrs paper will be drvrded into four parts Following thrs introduction, we give ;
‘background material on a ‘number of the issues pertinent to this discussion. The prmcrpal,
part of thrs paper will cover the chemical kinetics aspects of combustion and suppressron :
through a description of the quantitative data that now exists and that have been used in
- other contexts. The section will contain discussions on the most obvrous gapsin
~_understanding. We conciude with general comments on a vanetv of ancrllary |ssues that
’ arise from the present approach : :

- R : . Background
v ’ A comprehensrve revrew on possrole suostrtutes for halons was publrshed in 1990
‘The paper also contains background information on experrmental observatrons and the

“current state of understandrng of the rlame suppression pnenomenon For the present '
s au_rposes it s important o rememoer tnat there are' 3 wice numeoer ot 12s1S that can pe
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_used to classrfy compounds in terms of their efficiency as a fire suppressant The meanmo
_of such tests in terms of the fundamental chemical changes are however unclear. In all of
‘ these tests Halon 1301 has always ranked very high. Since it is extraordrnarrly non-toxic,

it b s————

- until the advent of the ozone depletion problem, there has been no necessity for any ;
~." deeper understanding of its fire suppression capability and therefore very little research has

been carried out. Furthermore, for many years the tools were not available to make

' decisions on the various alternative mechanistic possibilities. The long standing
. controversy over the relative importance of physical versus chemical effects in fire

extnguishment could not really be settled without a quantitative understanding of the =~
chemical processes in question. The simulations that is currently being carried out should

- answer such questions definitively. Furthermore, the stucies can have the important

effect of permitting finer control with regard to the response to a particular fire situation.

" This is especially important since one cannot expect any new fire suppressant to have the

' rdentlcal propertres of Halon 1301 and srmllar compounds that are to be replaced

.ntrlnsrc to understandmg fire suppressnon is 'a pro‘per'descnptlon of the underlylng
combustion process. The general mechanism of how and whv hydrocarbons burn has
seen understood for many years®., Summarizing onerlv 19e overall reaction invoives sman
reactive radicals such as OH, H, O, etc which raproly cestroy fuel molecules and in the
process create more radicals of the same type. The destruction process is ‘then started ail
over again. Since the general trend is towards greater degrees of oxidation,

f thermodynamics dictate that the temperature of the mixture rapidly increases. Thus, the

exponential dependence of rate processes on temperature means that the reaction is’

- accelerated and even more radicals are produced. The conseguence is extremely rapld
y consurnptlon of the fuel and conversron to COZ and H,0.

- Obviously, anvthmg that xntercepts the radicals and prevents them from reactmg

‘ "further or lowers the temperature and thus slow down the rate of chemical reaction: will

have a deleterious effect on combustion. Note that this description encompasses both

. ohysrcal and chemical causes for flame suppression and one can invoke scenarios where

one or the other becomes predominant. Such qualitative understanding cannot however v
be directly used. What is needed is quantitative information that defines the various
‘carameters necessary for characterrzrnd a fire situation. Clearly, both physical and -

-chemical kinetics must be considered. This is a technicaily cnallengrng task. This

discussion will be focussed about the chemical aspects of the phenomena and represents a
serious simplification of the problem. ‘However, for the present application, one does not

seek absolute answers. ' Instead, comparisons are being made regarding the relative -

-~ behavior of various compounds. Thus, it should be possrble to cover all potentral chemrcal ;
. situations and m céertain cases draw appropriate conclusrons
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Although gas phase chemical kinetics has been studied for over half a century, it has
only been in the last few years that the accumulation of higher’ temperature thermal rate
data has led to sufficient critical mass so that detarled computer simulations based on

~elementary thermal rate data is meaningful. Of course, an equally important prerequisite -

for carrying out such simulations is the power of modern computer technology in terms of
modern hardware and software. Such progress can be expected to continue. Thus, what

~are serious computational problems today can be expected to be of much less

consequence in the near future. ndeed. it is hkelv that the main bottleneck to the '




'explmtatlon of the technology is the’ avallabmty of hlgh quahty chernrcal krnetlc
~information. Even with what is available, a variety of well known combustion phenomena
- such as knock, autongnmon soot tormatron 3.4 can be reproduced from srmulatlon studres

Westbrook5 has carned out an 1mportant study on the effect of 1301 and other
brominated compounds on a variety of light organic flames. He was able to match
.axperimental observations of various species determined from mass spectrometric

was the removal of hydrogen via the reactions H+ HBr = H, +8r; H+Bry=HBr+8r; and

Br+Br+M=B8r,+M leading to the overall process H+H=H,. The principal role of the

fluorine was apparently to absorb hydrogen atoms in the form of HF and thus remove

- them from the radical pool.” The general trends are what one would expect and support
contributions of chemistry to flame inhibition. However, as pointed out by Westbrook,
there are considerable uncertainties in the kinetics that is used in the modelhng This
becomes particularly serious when one wishes to compare the inhibitive properties of

* various compounds.  In these cases uncertainties in rate constants may become very

important. It is somewhat unfortunate that the work of Westbrook was carried out just
when systematic collection and evaluation of kinetic data bearing on general combustion

‘issues begane The subsequent section of the paper wiil cover this issue. Summanzrng,
there have now been a number of simulation studies that reproduce well known

to use simulation in the predictive mode. The present simula_t'lon efforts on halon
substitutes can thus be considered among the first of what will inevitably become a
standard means of dealing'with ohemical problems‘ related to combustion phenomena.

Chemlcal Kmet:c Data Base

: «The fundamental processes’ that govern gas phase chemrcal change dunng combtﬁlon
are single step thermal reactions. They involve reactions of molecules with Boltzman

first transferrable bit of kinetic information for such processes. This isin contrast to- rate

for the conversion of hydrocarbons to water and carbon gioxide in the presence of oxygen
such a number.is system specific. Therefore it has no predictive capabilities excepkfnr
similar systems. The more fundamental approach can lead to predictions subject to the
~accuracy of the rate constants that are used as input data 'The practical drsadvantage is
" the large amount of data that is needed. As noted earlier, this problem is being gradually
solved. A particular advantage of the more fundamental approach is that theory can be -

- of accurate rate constant measurements can be leveraged into pred:ctnon for that of other
reactions. Thus there is no particular necessity for determining every rate expressuon at
the conditions desired. In the following paragraphs the present situation wnth respect to
the kmettc data base for hydrocarbon combustron wrll be rewewed

data base development. These first began to appear in the mid- 19703 It should be -
emphasized that for any pamcurar system. the overall process can probably be descnbed
by the rate expressions for a ew main reacuons. :V.owever n‘ferent orocesses reguure

combustion phenomena at least at the semi-quantitative level. What has not been done is

averaged distributions ‘and occur as written. The rate constants for these reactions are the

constants for global reactions. For example, while it is possible to derive the rate constant

- used for interpolations, extrapolatrons and increasingly prednctrons Thus a limited number

The potentlal of chemlcal srmulatlon has led to systematlc attempts at chemncal krnetnc

‘sampling of low pressure flames and demonstrated that the principal inhibitory mechanism
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L dlfferent maln re:a:ctlons and they can only be determlned after all possubllmes have been |

‘considered. Thus a proper starting point is probably to consider all possible reactions.
.This is the approach taken by the effort at the National Institute of Standards and

T echnology for hydrocarbon combustion’-8. The procedure is to begin by listing all - v
species, stable aswell as unstable, that can be present in a particular combustion system

and then considering all possible interactions between these species. -In the context of
thermal reactions ¥or C/H/O systems only unimolecular and bimolecular processes need to
‘be considered. Reactions in the intermediate pressure range (unimolecular and blmolecular

- and bimolecular and termolecular) can be treated using the very succesful RRKM theory
. usmg as a basis the limiting rate hlgh and low pressure rate expressions.

/

ln the construction of the data base the basxc procedure is to examine the exnstmg ,
measurements, carry out the best possible evaluation and give a recommendatlon along .
with the estimated uncertainties. Where data doés not exist a best possible estimate is -
made. The theoretical basis for estimates and evaluations are detailed balance,’ the

‘constraints set by thermodynamics and the precepts of thermochemical kinetics which is

. -2ssentially a set of semi-empirical ruies built upon existing data and with 2 basis in

fransmon state theory and the group properties of organic molecules. " For small organac

molecules there are large volumes of experimental measurements. Furthermore, practicaily

- all the reactions involve simple bond breaking or formation. it is therefore possible to

make good estimates. The approach outlined here has proved to be quite succesful and

‘productive. Figure 1 represents a summary of the present status of the NIST program’-2,
‘The results are presented in the form of a reaction grid and each cross represent an =
“interaction for which recommendations are given. These can of course lead to-#'variety of

products. Thus the actual number of reactions considered are cons:derably larger than the

'number of crosses. The unmarked squares represent interactions Wthh do not result in

“reaction. The advantage of this systematic approach is that there is no pOSSIblllty thatan -

|mportant raacnon process will be madvertently left out for the Slmulatxon

It should be emphasized that the NlST effort is not unique. Warnat21o has also

‘published listings of recommended rate expressions. A collective effort by kineticists from

-~ the European Community has also been published'? recently. Since chemical kinetics is an

active research area with new measurements and theories belng steadily produced, the

© latest evaluation should be preferred. The NIST publications are probably the most

complete; and therefore an important starting point. The situation with respect to the

'chemical kinetic data base for the combustion of small organics is falrly satisfactory i in the

sense that most modeler should be able to readlly access the avallable kxnetlc data

These can also be used as a basns for the estimation of the rate constants for the
combustion of more realistic fuels. There are, however, certain problems associated with
new reaction pathways, such as concerted molecular processes and radical |somenzatlon
reactions, which remain to be assessed if predlctlons from such snmulatlons are to be used

- with the same confldence as that for smaller molecules. An addltxonal lack of the existing

‘data bases are the reactions leading to aromatlcs and soot formatlon For many situations

these reactions may not be very important in flame suppressnon ‘The pOSSlbllltleS L
nevertheless should be examined. Frencklach and coworkers® have' developed models for -

soot formatlon thS users must in'general depend on the prlmary llterature
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For flame suppressnon itis necessary 10 mtegrate into the exrstmg data base

¥ information on the reactions of the compounds in question. ‘Westbrook has done ‘this for

CF3Br and this is an appropriate beginning. "It is necessary to point out that although the
intention is to find substitutes for this compound, if simulations are to be used as a
predictive tool, it is absolutely essential that initial work begm here since what is wanted is
a comparison between the suppression propensities of various compounds. Without -
simulations using Halon 1301, one has no basis for comparison. " There are extensive tests
that point to the fire suppression superiority of CF4Br in comparison to other compounds.
A key tests of the validation of the simulation results is the correspondence with test data.
When this can be demonstrated one can then ccnfidently extend the simulations to cover
srtuatrons and compounds that have not teen tested.

- The work of Westbrook on CFaEir contains a set of 56 reactions Whlch he mtegrated
into his data base for the ‘combustion of a numeer of small hydrocarbons.  This is a natural
startrng point for further work. Unfortunately, since the data base used in the work was
~first collected there have been considerable changes in the rate expressions that should be
used for such simulations. ‘Some of the cnanges are summarized in Figure 28124 |t can
be seen that these can be as large as an crder of magmtude and are quite basic to the
extinguishment mechanism. In addition there are changes in mechanism that must be
accomodated. For example the interaction of CF3+0, is alleged to proceed to CF,0 +OF.
This is undoubtedly based on the comparable process ‘with methyi. 1t is now generally
agreed that this interpretation for methyi radical reaction with O, isin error and in any
case fluorrne is known to be much less subject to internal migration. The proper reaction
is CF3+O =CF;0+0. ~ An added benefit of such a process is that smce it mvolves
straightforward bond breaking and forming through the formation of an intermediate
complex, RRKM calculations can in fact yield rate constants. Furthermore, if the reactxon
postulated by Waestbrook is unimportant it is then possible to eliminate the species FO
“from consrderatlon. The elimination of any species has the important effect of removmq
all reactions mvolvrng that species from the data base. “This can lead to drastic
.simpiification of the mechanism. On this tasis it is ¢ ear that the earlier work of -
Waestbrook must be redone with a more valid aata base. Work in this direction, payrng
pamcular attentron to fluorme type chemistry is being carrled out at NIST

. Overall, there exists consrderable data upon whrch one can base srmulatron studies.
The previous work by Westbrook is extremely encouraging in the sense that he was able.
to demonstrate that chemical effects do effect flame propertres There is obvious need to_

_tighten up the uncertainty limits of a large number of the rate expressions that are used.
Some of the thermodynamic properties used by Westbrook should probably aiso be
upgraded. Here, developments in ‘¢omputational chemistry can have very important.
consequences. In addition, it is uncertain whether the 56 reactions listed by Westbrook
exhaust all the possrbrhtres We prefer the more systematrc ‘approach of consrdenng all
reactions initially and then reducing them on the basis of sensitivity ‘analysis.

Special issues
Mbre recently, it had been noted that the presence of compounds such as HCI15 i

’ rncmeratron systems can have severe effects in reducing steady state OH concentration
through the reactron OH+HCl=H-C+Cl The cons=ouence is that the final heat release
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. process ;OH+CO C02+H is retarded One would expect that this may have an |mportant '
inhibiting effect. Such a reaction can also have consequences for HBr. On the other hand
Hi, with its lower bond energy would be present in much smaller amounts as the
temperature is increased. OH will therefore not be scavenged. Similarly, note the

- requirement for Br, for the catalytic cycle given above. However if the temperature is

sufficiemtly high then decomposmon wull predomrnate and the catalytrc cycle will not be rn
~effect. - 4 , '

- Overall, chemical mechanisms for suppression makes temperature a very important

“variable. “The thermal stability of the suppressant is another property. of considerable
‘consequence. Obviously, a compoundthat does not decompose in combustion situations

can only exert a physical effect. The order of pond strengths for the various halides are C-

'F > CCl > C-Br > C-I. Aside from unimolecular decomposition the only way by which

radicalzan be releasad into the system is through abstraction of the halide. For

electronegative radicals 'such as O and OH, thermochemistry makes reaction probabrlrty

with perhalogenated compounds small.  The most likely process is attack by hydrogen |
atoms. ‘However the data on hydrogen abstraction of fluorine is highly uncertain.” We are
currentty carrying out studres on this question. This is especially important for the
completely perfluorinated compound. Their great thermal stability if ‘coupled with a slow

~rate constant for H attack means that radical wiil not be released into the system until
‘much higher temperatures. This in turn means that chemical effects from suppressant
activity cannot express themselve until much hrgher temperature than the other halides.

Theaﬁfterences between the thermal stabrhty of the suppressant and that of the fuel

irnto thaisststem However initially they can also mmate decomposition and begrn the

combtmn process. Thus fire suppression from a chemical point of view proba

_involvesiasubtle interaction of a number of processes. Defmmve results cannot bbe'

obtauned without detailed modelrng ‘

Thezabove discussion makes ciear that chem:cal kinetic modehng of fire suppressron is

essenttally another test method. It is presently at an early point of development. However

:he direction of technology is such that it inevitably will get better. Note that the ozone

-depletion:problem is to a large extent a consequence of similar simulations. Even’ now

t compuﬁtron is far less expensive than many laboratory tests. Because it is anchored in
-’ the fundamentals the results are far easier to interpret. Furthermore, one can explore a

: whole range of fire scenarios. In the area of flame suppression chemistry it is partlcularly

- fortunate in that there exist from other contexts (from the development of chemical kinetic
- data bases for ozone depletion chemistry) much of the chemistry and of course a great

- deal of test data. Thus, the elements are in hand to develop the powerful technology for

use in the near future by combustron screntrsts

: References

1. Pitts, W. M., Nyden M. R. Gann, R. G., Mallard, W. G. and Tsang W., "Construction

of an Exptoratory List of Chemicais to Initiate the Search for Halon Alternatrves", NIST

" ; 'T_ech_nrcal Note 1278. August, 1980, U.'S. Government Printing Office, Washmgton DC -




s

a1 o o .
L ?,.1?’&‘3"1%‘% o} . A 20 43
T B ) 8. . A Gl
- ; px N s b
: : Lo i - R

20402.

2. Hucknall, D. J.. "Chemistry of Hydrocarbon Combustion”, Chapman ana Hall, London,
1985. ‘

3. Pitz, W. J., Westbrook. C. K., Lippard, W. R., SAE Technical Paper Series, 912315,

International Fuel and Lubricants:Meeting and Exposition, Toronto, Canada, October 7-10,
1991. | - |

a
-
~

_Frenklach, M., Lary, ©. V., Gardiner, . C., and Stein S. E.. 20th Symo lnt ) on
;mbustion The Combustion Institute. Pitt="ufg, F3., 387, " 38

[91]

Westbrook C K., Combustncn Science ano Tecnnology ?4 401 983.

3. Baulch D. L., Duxbury C«rant <. J., and Montague, ©. C.. ths and Chem Ref

Zata. i0, 1881 Suppiement 1

Tsang, W. and Hampson, & F. .. ‘Phys. and Chem. Ref. Data, 18, 1087. 1986.

3. Tsang, W., J. Phys. and Chem. Ref. Data. 16, 481, 1987; 17, 887, 1988; 19, 1,

1990 20 221 1991.

9 Robinson, P. J. and Holbrook K. A, ,"Unimolecular Reactions”, Wiley-interscience, New
York, 1972 ’ ) '

10. Warnatz J "Rate Coefﬂcxents in the' C/H/O System” in "Combustmn Chem|stry (ed
W. C. Gardmer). Springer Verlag, New York 1984, pg. 197.

1. Baulch D L., Cobos C. J.. Cox R. A, sser C Frank P., Just Th Kerr, J. A
=illing, M. J., Troe, J.,Walker, 2.%V., and Warnartz, J.. J. Phys. and Chem. Ref. Data., 21,

-,111, 1992.~

Russell, J ,oeetula SUAL anc Gutman, ..,V.Am Zhem. oc..'f‘ , 3092, 1988

"13 Atkmson R A J Phys and Chem. Ref Data., Monograph #1, 1989

‘.4‘; \eakms P W P:ng M. S, iiranen. ,.,T., Zutman, D., Kr_anoperov' L. N., J. Phys. '
Chem., 86, 9847},1992_ . , ; o . ‘ k .

i5. Tsang, W., Combustion Science and Technology, 74, 99, 1990.




‘Figure I

1. Zeaction grid Zor ccmbustion of small organics from
work at NIST, Ref(7). The species IZorm the axls ol the gric.
Crosses represent &eac:;:ns for whlich recommencatlons‘are glven

. Blanks imply :eactlcn whese rzta constants are‘_too small <o be
concern ’ o '
R : .! 5‘5 1»1 | I i
z. ) HAEEN
& i [ |
) RN
3 Qi Pl i
7 110 REER
a 1505 e
¢, _1-0 i NN
=10, Clig o i 41t
Tl Colig i N (U
12. HCI0 i NN R
13. €0y j NN 3
14, CO i I 1 |1 1 |
1S, §COo 1 1. | 1 R i
‘.é. Cllg - 1 i i (R B (R
7. Coiig < SXIXI i T I ]
IS, Coiy < , i 1 L1 il
19 Colis XEXDEXIX IS i 11 1
10. _Coilny ! X : 1]
2l. Coil ( [
2. CHaCO Nt K
22. Clt10, 1 XXX )0 G X XA L g
25. Cli=0 X LSRR S TR R IR i L
il b . P2 1 .
25, _>CHy A KR SRR N IERNE K
Z6. *CH, — 14 { ‘XWAX)QNM { N T 1
28. CHa0H - X ! R KFQYJ;A 0 X <IN L
3%. Clioon iX] | "(:”§<:‘,<j <37 X RKIXUIX] D N L
<0. Csiig SR URPA ‘ AU NE [~
1. aCsli T %] Ay {
2. iCaHy D) | 1
3. iCilhg U1 {
L& 'cCl‘l_i_g | P )(])Q X X N i
t5. Culle - X ~ X 1 XX N
TG Cailg i e L1 XX KKK K D LI
7. Calls iX X 2 L1 XX  2 R e oK) 2RI X XX Ky

~
~oa.



Figure 2: . o : S zFas 2T0E ity
Comparison cI : s c oo e T T
currently acceptad | ’ '
rate constants with
that used in -
Westbrook Ref(3) .
The names refer

to Ref(12), Russell;

!

Ty I~[t,ll\‘sl|u)| ',

p-Aele °.620 1.40C 1.200 2.400
00C. T
—_— T e ,*,\‘;,_.:__..":.-=‘;“,.'...A_: -
= N TETESTUETTALTETET O Zeqkins (1862)
) —_—
o Westhrook
Zz s . ~Westbrook _Russell (1988) -

s}
e |-

Br+Corig=HBr+CqHsg

il .30 ezt z00 2,400
100C,7

3 — ‘
z “+8roy=HBr=3r !
oAl
z Hestzroeok
- - mmr=a+3r

Sitsty 2.90C 450 ©.900 -:00




